In this study，effects of multiple detonations on reinforced concrete (RC) slabs has been experimentally investigated to improve design and damage estimation methods of RC shelters. One of main results obtained is that crater and spall depths of the RC slab for a double detonation may be relatively well predicted by modifying our damage prediction method, which was previously applied to a virgin RC slab subjected to a single detonation.
INTRODUCTION
Some of important public facilities should be designed in consideration of accidental explosions and terrorist bomb attacks. Although a large number of studies 1)-6) have been reported on local damage of reinforced concrete (RC) structures subjected to explosive loadings, most of the works are for single contact detonation on the structure surface. The authors 1), 2) have also studied the damage of RC slabs subjected to single contact detonations in various test conditions. One of main conclusions obtained is that the damage initiation and sizes of craters, spalls and breaches in RC slabs may be well predicted by the modified scaled concrete thickness method. On the other hand, the damage estimation for RC members subjected to multiple detonations is important to discuss the residual resistance and repair of RC shelters damaged by explosive loadings.
In this study, effects of double contact detonations on the damage such as craters and spalls in RC slabs have been experimentally investigated to improve the design method and to estimate the residual resistance of RC shelters. The aims of this study are (1) to make clear the difference in the damage between the RC slabs subjected to single and double detonations using the same total explosive weight, and (2) to apply our damage prediction method 2) , which was proposed for the virgin RC slab subjected to single contact detonation, to estimate the crater and spall depths in the double detonation.
EXPERIMENTAL
(1) RC specimen and explosive The test specimen is a doubly reinforced concrete slab with dimensions of 600mm x 600mm x 100mm, as shown in Fig.1 . The concrete consists of normal Portland cement, crushed sand (produced in Ako, Hyogo, Japan), crushed stone (produced in the Nishi island, Hyogo, Japan and with a max. aggregate size of 10mm), and a standard water reducing agent. The concrete was mixed with a water-cement ratio of 54% and with a sand-coarse aggregate ratio of 51%.
The concrete's compressive strength is 56MPa at the age of 28 days. The steel ratio is about 0.5% and the main reinforcement is arranged at intervals of 110mm as shown in Fig.1 One of typical high explosives, Pentolite, is used in this study. All explosive charges have a cylindrical shape with the same height and diameter.
The charge weights are 12g (standard), 23g (about two times heavier), 46g (about four times heavier) and 95g (about eight times heavier). The charge weights used are expected not to breach the specimen with the single detonation.
(2) Detonating procedure Detonation tests were carried out in an explosion dome with an inner diameter of 8m. The specimen was simply supported with two jigs, which were made of rectangular lumbers and had a span of 51.0cm. The explosive charge was placed at the center of the upper surface of the specimen, and was detonated with an electric detonator and an exploder. The detonation procedure is as follows. First, detonation tests with the explosive charge weights of 12g and 95g, and, 23g and 46g were conducted two and three times, respectively. Then the second detonation tests (double detonation tests) were conducted twice for the specimens damaged by the first detonations with the charge weights of 12g, 23g and 46g. In the first and the second detonation tests, specimens have similar test configurations. The only difference between the tests is that dry sand of minimum weight (a few grams) was spread on the rough bottom of the crater (see Fig. 2 ) to stabilize the explosive charge.
After every detonation, the specimen was observed in detail. Before the measurement, the specimen was cleaned by airbrush and concrete fragments were removed by hand. The diameters and the depths of the crater on the detonation surface and the spall on the back surface, as illustrated in Fig.2 , were measured. The effective diameters of the crater and the spall were defined as the average of four measurements along No. 1-4 lines shown in the figure, because the crater and the spall might not be symmetric. The depths of the crater and the spall of the non-breached specimen were measured at deepest points, while those of the breached specimen were measured on a minimum level in breach area.
RESULTS AND DISCUSSION
(1) Effects of double detonation on damage a) Crater and spall depths Fig.3 compares the average depths of craters and spalls due to single and double detonations with total explosive weights of 23g, 46g and 95g.
The following results are obtained. In the case of the total explosive weight of 23g, the specimen showed no spall, and the crater depth by the double detonation was 33% greater than that by the single detonation (that is, 2.1cm crater depth by the single detonation compared to 2.8cm crater depth by the double detonation). In the case of the total explosive weight of 46g, the specimen showed 2.5cm-depth crater and 3.2cm-depth spall for the single detonation test, while the specimen showed 3.2cm-depth crater Crater diameter, cm
Breach for single de tonation Non-brea ch for single detonatio n Fig.4 Relationship between the diameter and the depth of the crater and 3.5cm-depth spall for the double detonation test, which indicates that the damage by the double detonation was greater by 28% in the crater depth and by 9% in the spall depth. In the case of the total explosive weight of 95g, the specimen showed 3.7cm-depth crater and 5.0cm-depth spall for the single detonation test, whereas the double detonation punched through the crater and made a breach. From these results, the fracture level per unit explosive weight in the double detonation seems to be severer than that in the single detonation. The reasons are probably explained by the inner damage 1) , which occurs in the slab at the first detonation, and by the confinement of the explosive charge on the crater bottom at the second detonation.
b) Relationships between diameters and depths of crater and spall Fig.4 shows the relationship between the diameters and the depths of the craters of the single and the double detonations. In the figure, experimental results for the single detonation and the first detonation of the double detonation (hereinafter referred as "the first detonation") are indicated with the same symbol.
In addition to the experimental results the predictive lines 2) , which was proposed for the virgin RC slabs subjected to the single contact detonations, are presented on the figure. All of the experimental results for the first detonations are of non-breach and relatively in good agreement with the predictive line. However, the experimentally obtained depth/diameter ratio tends to be slightly smaller than the predictive line. On the other hand, for the second detonation of the double detonation (hereinafter referred as "the second detonation"), the experimental depth/diameter ratio tends to be slightly larger than the predictive line. The experimental results are also relatively in good agreement with the predictive lines regardless of the presence of the breach. Fig.4 also indicates that the crater by the second detonation is slightly more scooped than that by the first detonation, although there is not a large difference between the single and double detonations in the depth/diameter ratio of the crater. The reason is probably that the second detonation is conducted on the crater bottom caused by the first detonation. Fig.5 shows relationship between the diameters and the depths of the spalls by the single and the double detonations. As in Fig.4 , the predictive lines 2) are also presented on the figure. The experimental results for the first and the second detonations are relatively in good agreement with the predictive lines, although it is difficult to discuss general tendency because of the limited number of tests. There is a large deviation of non-breach data from the prediction. The deviation was also observed in the case of our previous contact detonation tests 1) and was probably caused by complications due to the spalling fracture. As a reference, Fig.6 shows typical surface cracking patterns in the cases of explosive charge weights of 23g, 46g and 95g. In the figure, concrete debris is removed from the specimens, and hairline cracks are emphasized in thick lines. As shown in Fig.6 , there is not a great difference between the surface cracking patterns of the specimens subjected to the single and the double detonations when the same total charge weight is used (2) Damage prediction for double detonation Based on the test results, more accurate prediction of the crater and the spall depths by the double detonation was performed by applying the damage prediction method 2) , which was proposed for the virgin RC slab subjected to the single contact detonation. In the prediction a new procedure for the damage prediction of the RC slabs subjected to the double detonation was proposed as shown in Fig.7 . First, the damage by the first detonation is estimated in the same way as the virgin RC slab subjected to the single detonation. The procedure includes calculating the modified scaled concrete thickness T1/Wm 1/3 from the thickness of the virgin slab T1 and the equivalent TNT charge weight Wm 1/3 , and then predicting the crater depth Cd1 and the spall depth Sd1 as functions of T1/Wm 1/3 . When the modified scaled concrete thickness is in a non-breach range (2.0 ≦ T1/Wm 1/3 ), the damage for the second detonation can be predicted. In the damage prediction for the second detonation, an imaginary virgin RC slab with the thickness T2 = T1 -Cd1 -Sd1 is assumed, and the modified scaled concrete thickness T2/Wm 1/3 is calculated. By using T2/Wm 1/3 the crater depth Cd2 and the spall depth Sd2 of the imaginary slab can be predicted in the same way as the first detonation. Finally the sum of Cd1 and Cd2 and the sum of Sd1 and Sd2 can be regarded as prediction results of the crater depth Cd and the spall depth Sd for the double detonation. Fig.8 shows comparisons between the predictions and the experimental data of the crater and the spall depths. In the figure, the straight line with a unit slope indicates a correspondence between the predictions and the experimental data. As shown in Fig.8 (a) , the predictions of the crater depth by the first detonation are relatively in good agreement with the experimental data, although the prediction tends to be slightly overestimated.
The overestimation is large for the second detonation. The predictions of the spall depth by the first and the second detonations also tend to be slightly overestimated as shown in Fig.8 (b) . One of the reasons that the prediction for the second detonation tends to be on the safe side is B r e a c h i n g C ra t eri n g a n d s p a llin g C ra t e r in g C a lc u la te c o n cr e t e th ic k n e s s that the thickness of the imaginary slab is underestimated, because the crater and spall depths are measured at the deepest points on the rough crater and spall bottoms. In order to improve the accuracy, the predictions were modified for the second detonation by using experimentally obtained crater and spall depths by the first detonation to calculate the thicknesses of the imaginary slab. As shown in Fig.9 , the difference between the predictions and the experimental data is smaller than those shown in Fig.8 . The results in Fig.9 indicate the accuracy can be improved by using the experimentally obtained data.
CONCLUSION
The main results obtained in this study are as follows: (1) With the same total explosive weight, damage of RC slabs by the double detonation is severer in the thickness direction compared to the damage by the single detonation. (2) There is not a great difference between the craters by the single and the double detonations in the diameter/depth ratio, however, the concavity of the crater by the double detonation is slightly more pronounced than that by the single detonation. (3) The crater and spall depths by the double detonation may be relatively well predicted by using the modified method.
